The quantification of radioactive material dispersed following the release of 90 Sr, whether accidental or intentional, would be of high importance. Depending on the circumstances, it is possible that the contaminated materials would need to be completely digested prior to quantification. Many sample matrices require a mixture of different acids be employed to achieve total dissolution. Unfortunately, one the most common approaches for the separation of strontium, extraction chromatography with Sr Resin, has only been fully characterized in pure mineral acid solutions (Filosofov et al. in Solv Extr Ion Exch 33(5): 496-509, 2015; Horwitz et al. in Solv Extr Ion Exch 10(2): 313-336, 1992). This work shows that Sr Resin can be used effectively with high concentration mixtures of nitric and hydrochloric acids in the presence or absence of hydrofluoric acid, thereby potentially negating the need for conversion to a pure mineral acid matrix.
Introduction
Strontium-90 is an important radionuclide that has a high cumulative fission yield and applications in high-activity radiological devices like radioisotope thermoelectric generators (RTGs) [1, 2] . Historically, these RTGs have been used in remote outposts with little security surrounding them. Recently, an effort has been made to replace these high activity sources, but many have been found vandalized, damaged, or missing [3] . This raises concern that such a source could be illicitly obtained and used in a radiological dispersal device (RDD) [3] [4] [5] . Furthermore, 90 Sr could potentially be released during a reactor accident and contaminate the surrounding area. Because strontium is also chemically similar to calcium, it is sequestered in bone when ingested or inhaled and, subsequently, has a long biological half-life [6] [7] [8] . This combination of factors results in the quantification of strontium being important to many fields, including environmental monitoring, decommissioning of nuclear facilities, emergency management, and nuclear forensics [9] [10] [11] [12] [13] .
Because 90 Sr and its daughter 90 Y are both pure beta emitters, accurate determination of these isotopes requires the complete removal of all other beta-emitting radioisotopes. A review of both classical and novel separation methods was published in 2010 and indicates that extraction chromatography methods utilizing Eichrom's Sr Resin tend to be the simplest and fastest available [14, 15] . One drawback to Sr Resin is that it has only been completely characterized in pure mineral acid systems. The majority of methods developed do appear to use some mixture of nitric acid and hydrochloric acid as the primary dissolution reagent [16, 17] . While this may be sufficient for routine environmental monitoring, it is potentially desirable to perform the separation from a mixed acid matrix, since many materials that could become contaminated require such mixed acids for complete dissolution.
Many proven dissolution procedures for steel and alloys have been developed, and the chemicals used in the dissolution tend to be a reflection of both the analysis method and the composition of the steel. The majority of methods developed appear to use some mixture of nitric acid and hydrochloric acid as the primary dissolution reagent [16, 17] . Mixed acids are also often utilized for the digestion of soil and concrete, but hydrofluoric acid is often added to these mixtures to solubilize the large amounts of silicon that tend to be associated with these types of samples [18] [19] [20] [21] . This work tests varying mixtures of concentrated nitric acid and hydrochloric acid, as well as select mixtures of nitric acid, hydrochloric acid, and hydrofluoric acid, to see if a separation could be carried out without taking steps to convert the matrix to pure nitric acid. This could not only reduce the time required for the separation, but could also improve overall recovery, since the need to convert to a pure acid matrix carries with it the inherent risk of analyte loss.
Experimental

Materials
Sr Resin, containing 1.0 M 4,4 0 (5 0 )-di-t-butylcyclohexano 18-crown-6 in 1-octanol as extractant, was obtained from Eichrom Technologies (Lisle, IL). All batch studies were carried out using their 50-100 lm particle size resin, and column studies were performed using their pre-packed 2 ml vacuum columns in conjunction with a vacuum box. All resin products were used as received. In order to expedite analysis, 85 Sr was utilized to take advantage of its easy to measure 514 keV gamma emission. Additional benefits of using this surrogate for 90 Sr are that the effects of matrices do not have to be taken into account during measurement, as would be required in liquid scintillation counting, and that 85 Sr only decays once before becoming a stable element, so there is no chance of artificial signal enhancement by another radioelement. A 500 lCi (18.5 MBq) solution of 85 Sr was obtained from Eckert & Ziegler Isotope Products in the form of strontium chloride in 0.5 M HCl with a total Sr concentration of 50 lg ml -1 . For each acid matrix, an aliquot of this solution was taken and converted to strontium nitrate by evaporating it to dryness, reconstituting it twice in concentrated nitric acid, before finally evaporating it a third time and reconstituting it in a dilute concentration (0.01 M total acid) of the appropriate acid matrix for the study being performed. These working solutions were then used to spike all of the replicate samples for the given acid matrix. The final radiostrontium concentration of the working solutions was 800 Bq ml -1 . Nitric and hydrochloric acid solutions were prepared using J.T. Baker analyzed ACS reagent grade acids obtained from Avantor Performance Materials. Hydrofluoric acid solutions were prepared using ACS reagent grade HF from Sigma-Aldrich. All solutions were prepared with deionized water from a Cascada water purification system from Pall Corporation.
Procedure
To investigate the feasibility of performing separations in mixed acid matrices, three mixtures of nitric and hydrochloric acid, as well as two mixtures of nitric, hydrochloric, and hydrofluoric acid, and systems of only nitric acid and only hydrochloric acid were tested. The two mixtures of nitric, hydrochloric, and hydrofluoric acid were chosen based on mixtures being used in other work [19, 21] . Error bars associated with chromatographic capacity factor measurements presented in this work represent the 1r standard deviation based on the replicates analyzed. Error bars associated with acid concentrations were set at 10% to overestimate inaccuracies resulting from gas formation during pipetting.
Batch studies
Batch studies are a simple and reliable way to quantify the separation capabilities of commercially available resins. By measuring the activity in the solution before and after contact with the resin, the weight distribution value of the resin can be determined. This value can then be converted to the chromatographic capacity factor (k 0 ), which is defined as the number of free column volumes (FCV) required to reach the peak maximum of the elution curve for a given column of the resin. Both of these values are determined using equations outlined in Horwitz et al [14] .
Batch studies were performed by placing 50 mg of Sr Resin into a 2 ml microcentrifuge tube and adding 1 ml of the appropriate mixed acid. The tube was then capped and placed on a shaker table for one hour to precondition the resin. After preconditioning, 0.6 ml of the appropriate prepared 85 Sr solution was added to the mixture. The sample was then placed back on the shaker table and agitated for an additional hour. Once mixing was complete, the aqueous content of the tube was separated from the resin by passing it through a 0.45 lm PTFE syringe filter. A 1 ml aliquot of the filtered solution was then taken for analysis by gamma spectroscopy. Each concentration in each batch study was investigated in five replicates.
Column studies
Column studies were carried out to ensure the data collected in the batch studies accurately transferred to column conditions. The columns utilized were 2 ml vacuum-flow columns dry packed in the factory and used directly out of the packaging. The columns were preconditioned with *4 ml of 8 M HNO 3 . Once preconditioned, 13.6 ml of mixed acid solution and 0.4 ml of radiostrontium solution were added to the reservoir simultaneously to load the column, collecting the effluent from this step in its own container. Following this, the column was rinsed with 30 free column volumes (FCVs) of 8 M HNO 3 , with each collected fraction containing 5 FCVs. Finally, the column was stripped with 10 FCV of 0.05 M HNO 3 , again collecting 5 FCVs in each fraction. Each fraction was then analyzed using gamma spectroscopy to determine the elution profile. Each column type was run in duplicate.
Measurement
All samples were analyzed using gamma spectroscopy, which was performed using a WIZARD 2 2480 automatic gamma counter from Perkin Elmer Inc. (Waltham, MA) . The instrument was equipped with a 3-inch well-type NaI(Tl) detector with a 75 mm solid lead shield for background reduction. Samples were counted in 13 mm diameter culture tubes for 1 h, unless the total number of counts in the counting window reached 40,000 (0.5% error) prior to this time limit. The minimum detectable activity (MDA) for this instrument using this counting protocol was *1.75 Bq, where the MDA is determined as defined in Currie [22] .
Results and discussion
Batch studies
The results of batch studies using different ratios of nitric and hydrochloric acid are shown in Fig. 1 . It should be noted that all total acid concentrations listed in this work were derived from calculations based on the concentration of the initial acids mixed together in solution. Because the mixture of nitric and hydrochloric acids causes the decomposition of the two acids into several volatile gaseous products (including NOCl, Cl 2 , NO, NO 2 , and O 2 ), over time this estimated total acid concentration decreases and will no longer be accurate.
The batch study results for a purely nitric acid matrix match those previously published quite well [14] . When examining the hydrochloric acid matrix results, there are some slight differences [23] . In both studies, appreciable uptake was found at high acid concentrations. However, in the previous study with hydrochloric acid, the reported k 0 values never fell below 0.9 and began to increase again at low concentrations (0.01 M), whereas in this work they were below the lower k 0 measurement limit at hydrochloric acid concentrations B 2.5 M. It has been previously stated that increasing the hydrochloric acid concentration does not decrease the effectiveness of the resin until a concentration of 0.5 M HCl is reached [14] . The data in Fig. 1 indicates that the effectiveness at high total acid concentration ([ 5 M combined concentration) does not appreciably decrease as long as the total acid present in solution is at least 25% v/v nitric acid. The usable ratio may require even less nitric acid, but a more thorough examination of mixing ratios would be required. Overall, the mixed acid systems work surprisingly well, with trends tracking those of the purely nitric acid system at slightly lower extraction efficiencies. The differences between the mixed acid systems and the nitric acid system become apparent when the system is less than 75% v/v nitric acid, and even then major differences only arise at lower total acid concentrations (B 2 M combined concentration). These results indicate that it is possible to isolate strontium directly from mixed acid digestion matrices. The lower limit for k' in this study was 0.001. Any results that were lower than this have been plotted at this value.
The results of the batch studies with acid mixtures containing hydrofluoric acid, shown in Fig. 2 , are also promising. At high total acid concentrations, the extraction of strontium is still quite high, if not higher than that observed in purely nitric acid matrices with similar concentrations. It is possible this has something to do with the high charge density associated with the F -ion, resulting in a salting out phenomenon. However, this phenomenon would also be expected to appear to a smaller degree in the nitric/hydrochloric samples, which was not observed. Finally, because SrF 2 is significantly less soluble than SrCl 2 or Sr(NO 3 ) 2 , the batch study was carried out in such a way that formation of this species should not have had any influence on the k' values recorded, though it was not expected to. Individual 85 Sr tracer solutions were prepared for each of the mixtures, which allowed any possible precipitation to occur prior to being added to the resin. Even with this precaution being taken, minimal differences in activity were seen between the various tracer solutions from which these values were calculated.
Column studies
Although the batch studies indicate that it is possible to accomplish this separation at several different ratios of HNO 3 :HCl, they do not take into account the geometry of the column and how the generation of gas bubbles, which is common in these mixtures, might affect the width of the elution band or the ability of the column to retain strontium. To this end, column studies were also carried out with the same acid mixture ratios. Figure 3 shows the elution profiles generated using the different loading solutions. As can be seen in the figure, while there is significant breakthrough when loading with 8 M HCl, the volumetric ratio of concentrated nitric acid to concentrated hydrochloric acid does not appear to be a factor for strontium retention in the mixed acids. While there is some breakthrough prior to the elution phase of the procedure (FCVs 31-40), none of the acid mixtures have greater than 3% of the strontium eluted in the load or rinse fractions. Total recoveries divided by fraction type are found in Table 1 . When mixtures of nitric, hydrochloric, and hydrofluoric acid were tested in column studies, similar results were obtained. Vacuum column studies carried out with 14 ml load solutions showed less than 5% breakthrough prior to the elution fractions with the 5:1:1 mixture, and slightly over 12% breakthrough prior to the elution fractions for the 9:3:7 mixture (Fig. 4) . While this amount of breakthrough is significant in many cases, recovery in the elution phase was still 94.3 and 84.7%, respectively, indicating that a separation could likely be carried out with the 5:1:1 mixture, and could possibly be performed with the 9:3:7 mixture, if a smaller rinse volume or a larger column were used. Total recoveries divided by fraction type are found in Table 1 .
Conclusion
The batch and column studies performed indicate that separations performed directly from mixed nitric and hydrochloric acid matrices are possible. The primary requirement for these separations appears to be high total acid concentration. However, given the very low k 0 values obtained in even very high concentration hydrochloric acid, it seems clear that a certain amount of nitric acid is also required. Unfortunately, the lower limit of required nitric acid was not discovered during the course of this work. Previous research has shown that strontium extraction from the hydrochloric acid system is likely inefficient due to the Fig. 3 Elution profiles generated using various mixtures of HNO 3 and HCl for the loading solution. Realistic load volumes were used for these trials (14 ml). The load solution always had a calculated total acid concentration of 8 M difficulty of de-solvating the strontium chloride neutral species [23, 24] . Given this inefficiency, it can be speculated that the significant extraction in high total acid systems is caused by a combination of enough nitric acid being present for all of the strontium to form neutral nitrate species and the high overall acid concentration in the aqueous phase pushing the extraction equilibrium toward the organic phase. This will need to be investigated further for confirmation. Batch and column studies carried out using hydrochloric, nitric, and hydrofluoric acid mixtures gave similar results, though only two different mixtures were tested. While this is promising for the use of these acid mixtures directly after sample digestion, more work needs to be done to examine how the acids may affect the columns and how constituents other than strontium may interact with the mixtures. Many elements are either insoluble or sparingly soluble in HF and could cause significant flow problems if precipitation occurred during column loading. Previous work has also shown significant degradation of the capacity of these columns after repeated use [25] . Since the acid mixtures examined in this work are often even more aggressive than concentrated pure acids, this could also be a concern. Given the similarity in strontium uptake for mixed acid systems and nitric acid-only systems, it is likely that other elements would also behave in a similar manner (assuming they do not precipitate in HF). Since Sr Resin is quite selective for Sr in nitric acid, this would indicate that similar separations could be undertaken in mixed acid systems, though further testing with more elementally diverse solutions will be required to state this definitively. 
